SPheno is a program that accurately calculates the supersymmetric particle spectrum within a high scale theory, such as minimal supergravity, gauge mediated supersymmetry breaking, anomaly mediated supersymmetry breaking, or string effective field theories. An interface exists for an easy implementation of other models. The program solves the renormalization group equations numerically to two-loop order with user-specified boundary conditions. The complete one-loop formulas for the masses are used which are supplemented by two-loop contributions in case of the neutral Higgs bosons and the µ parameter. The obtained masses and mixing matrices are used to calculate decay widths and branching ratios of supersymmetric particles as well as of Higgs bosons, b → sγ, ∆ρ and (g − 2) µ . Moreover, the production cross sections of all supersymmetric particle as well as Higgs bosons at e + e − colliders can be calculated including initial state radiation and longitudinal polarization of the incoming electrons/positrons. The program is structured such that it can easily be extend to include non-minimal models and/or complex parameters.
Introduction
Supersymmetry (SUSY) [1, 2, 3] provides an attractive extension of the Standard Model (SM). It provides a qualitative understanding of various phenomena in particle physics: It stabilizes the gap between the Grand Unification scale / Planck scale and the electroweak scale [4] . It allows the unification of the three gauge couplings at a scale M U ≃ 2 · 10 16 GeV in a straight forward way [5] . The large top mass generates radiative electroweak symmetry breaking [6] . In addition it provides the lightest supersymmetric particle as a cold dark matter candidate [7] . Therefore, the search for supersymmetric particles is one of the main topics in the experimental program of present and future high energy colliders [8, 9, 10, 11] .
The Minimal Supersymmetric Standard Model (MSSM) consists of taking the Standard Model and adding the corresponding supersymmetric partners [3] . In addition a second Higgs doublet is needed to obtain an anomaly-free theory. The second Higgs doublet is also needed to give mass to u-type quarks and down-type quarks at the same time. The MSSM in its most general from contains more than 100 unknown parameters [12] which are clearly to many for an exhaustive study. This number drastically reduces if one embeds the MSSM in a high scale theory, such as minimal supergravity theories [13] , gauge mediated supersymmetry breaking [14] , or anomaly mediated supersymmetry breaking [15] . There is not yet a theoretical preferred scheme for supersymmetry breaking. For this reason it is important to know whether the precision of on-going and future experiments is sufficient: (i) To distinguish between the various schemes. (ii) To which extend it is possible to reconstruct the underlying theory. It has been demonstrated that the expected experimental accuracies at future e + e − colliders complemented with data from the LHC allow for a successful reconstruct of such an underlying supersymmetric high scale theory [16] . Connected with these questions is the question if the theoretical accuracy matches the experimental one. The present version of the program SPheno 1 is thought as a further step in getting accurate theoretical results to match finally the experimental precision.
In the view of ongoing and future experiments it is highly desirable to have various and independent tools at hand performing the calculation of the supersymmetric spectrum, of decay widths, of branching ratios and of production cross sections. This allows for a cross check of the tools and by comparing the implemented methods and approximations one can also get a rough understanding of the theoretical error. SPheno is a program performing an accurate calculation of the supersymmetric spectrum, of the branching ratios of supersymmetric particles and the Higgs bosons and of the production cross sections of supersymmetric particles and the Higgs bosons in e + e − annihilation including longitudinal beam polarization. Moreover, the spectrum is used to calculate the branching of the rare decay b → sγ, the supersymmetric contributions to the anomalous magnetic of the muon a µ as well as supersymmetric contributions to the ρ parameter.
For the calculation of the spectrum the programs ISASUSY [17] , SOFTSUSY [18] and SUSPECT [19] are widely used. A comparison of the results among these programs and with SPheno is given in [20] . The calculation of the branching ratios of supersymmetric particles as well as the production cross sections in e + e − annihilation can be done with SPheno , ISASUSY [17] , SPYTHIA [21] and SUSYGEN [22] . A comparison of the results of these programs will be given in a future paper.
SPheno has been written in Fortran90. The main focus has been on accuracy and on stable numerical results and less on speed. However, on a modern PC a typical running time is in the order of one second. The calculation is done using two-loop renormalization group equations (RGEs) [23] , complete one-loop correction to all SUSY and Higgs masses [24] supplemented by the 2-loop corrections to the neutral Higgs bosons [25, 26] and to the µ parameter [26] . The present version of SPheno does all calculations for real parameters neglecting the flavour structure in the fermion as well as in the sfermion sector. Decay widths and cross sections are calculated using tree-level formulas. However, the couplings involved are running couplings and thus important numerical effects of higher order corrections are already taken into account. The program has been structured in such a way that the future inclusion of complex phases and mixing between the generations has already been considered in the design of the interfaces as well as in the definition of the various variables. Moreover, extensions of the MSSM, e.g. models with broken R-parity, can be implemented easily.
The aim of this paper is to provide a manual of the program, version 2.0, to describe the approximations used and to display the results of a run. In Sect. 2 we will summarize the MSSM parameters and we give the tree-level formulas for the supersymmetric particles. Moreover, a short summary of the implemented high scale models is given. In Sect. 3 we list the implemented decay modes of supersymmetric particles and the Higgs bosons. We also discuss shortly the approximations used. In Sect. 4 we present the implemented cross sections in e + e − annihilation. In Sect. 5 we discuss give details on the implemented low energy constraints. In Sect. 6 we discuss the implemented algorithm in some detail. In Sect. 7 the main program is presented in detail providing the necessary information so that this program can be easily adapted to the user's requirement. In the appendices we discuss the possible switches for influencing the program as well as a detailed discussion of possible input files. Moreover, we list the output of the program for a typical example. The source code as well as precompiled versions of the program can be obtained from the author via email: porod@physik.unizh.ch; or it can be downloaded from http://www-theorie.physik.unizh.ch/~porod/SPheno.html.
MSSM parameters, particle spectrum, and High Scale Models
In this section we fix our notation concerning the parameters and present the tree-level formulas for the masses as well as the mixing matrices. In the following we assume that the physical masses are ordered: m i ≤ m j if i < j except for the sfermions as explained below. We also give a short overview over various high scale models which are implemented in the program.
Ingredients for the Lagrangian
The pure supersymmetric Lagrangian is specified by the Kähler potential giving the gauge interactions and by the Superpotential W giving the Yukawa interactions:
whereL,Ê,Q,D, andÛ denote the matter superfields. The SU(2) L representation indices are denoted by a, b = 1, 2 and the generation indices by i, j = 1, 2, 3; ǫ ab is the totally antisymmetric tensor with ǫ 12 = 1. Note that the sign of µ is identical to the one in ISASUSY [17] and SOFTSUSY [18] but opposite to the convention in [24] . Presently, real Yukawas Y L , Y D , Y U only are included. They and the gauge couplings g i are DR quantities. g 1 is defined in the Grand Unification normalization g 1 = 5/3g ′ where g ′ is the Standard Model hypercharge gauge coupling. The next ingredient is the soft SUSY breaking Lagrangian, which is given by mass terms for the gauginos
mass terms for scalar matter fields and Higgs fields
and trilinear couplings of scalar matter fields and Higgs fields
Masses and Mixing Matrices
The masses of the various particles are induced by the soft SUSY breaking parameters and the vacuum expectation values v i of the neutral Higgs fields v i =< H 0 i >. The ratio of the vacuum expectation values is denoted by tan β = v 2 /v 1 . The sum of the vacuum expectation values (vevs) squared is fixed by the gauge boson masses:
Neglecting the mixing between different generations, the Standard Model fermion masses are given by:
for u-quarks, d-quarks and leptons, respectively. The gluino mass is given by mg = |M 3 |. The charginos are combination of the charged winosw ± = (w 1 ∓ iw 2 )/ √ 2 and the charged higgsinosh − 1 ,h + 2 . The Lagrangian contains the chargino mass term −(
The CP-even electroweak eigenstates (H 0 1 , H 0 2 ) are rotated by the angle α into the Higgs mass eigenstates (h 0 , H 0 ) as follows:
with m h 0 < m H 0 . The CP-odd and the charged Higgs masses are given by
at tree level. Neglecting generation mixing, the sneutrino masses are given by:
The other sfermion mass matrices are 2 × 2 matrices:
where c 2β = cos 2β and s 2 W = sin 2 θ W . These matrices are diagonalized by 2 × 2 matrices Rf ,i with
Sfermions are first ordered according to the generation and inside a generation according to their masses. For example, in the slepton sector the ordering isẽ 1 ,ẽ 2 ,μ 1 ,μ 2 ,τ 1 ,τ 2 and similarly for squarks.
High scale models
In this section we summarize the key ingredients of the high scale models implemented in SPheno. We also present the formulas for the boundary conditions in the various models. In all cases the modulus |µ| is determined by requiring correct radiative symmetry breaking. At tree level the corresponding formula reads as:
Moreover, in all cases the high scale parameters are supplemented by the sign of µ and tan β.
Minimal Supergravity
The minimal supergravity (mSUGRA) scenario is characterized by a set of universal parameters [13, 2] at the GUT scale M GU T : the gaugino mass parameter M 1/2 , the scalar mass parameter M 0 , and the trilinear coupling A 0 :
Minimal Supergravity including right handed neutrinos
In addition to the parameters of the mSUGRA model above the following parameters appear in this case: m ν R , a common mass for all right handed neutrinos, and m ν i (i = 1, 2, 3), the light neutrino masses. In this case the MSSM RGEs are run up to the scale m ν R where the neutrino Yukawa couplings are calculated using the formula
In the range between m ν R and M GU T the effect of neutrino Yukawa couplings is included in the RGEs of gauge and Yukawa couplings. At the GUT-scale the right sneutrino mass parameters as well as the trilinear coupling A ν,i are given by:
The corresponding RGEs are used in the running from M GU T to m ν R . At the scale m ν R the neutrino Yukawa couplings Y ν,i , the trilinear couplings A ν,i and the soft masses M 2 R,i for the right sneutrinos are taken out of the RGEs and below the m ν R the usual set of MSSM RGEs are used.
Gauge Mediated Supersymmetry Breaking
Gauge mediated supersymmetry breaking [14, 27] (GMSB) is characterized by the mass M M ∼ S of the messenger fields and the mass scale Λ = F S / S setting the size of the gaugino and scalar masses. The gaugino masses
are generated by loops of scalar and fermionic messenger component fields; N i is the multiplicity of messengers in the 5 + 5 and 10 + 10 vector-like multiplets, and
is the messenger-scale threshold function [28] which approaches unity for Λ ≪ M M . Masses of the scalar fields in the visible sector are generated by 2-loop effects of gauge/gaugino and messenger fields:
with k i = 1, 1, 3/5 for SU(3), SU(2), and U(1), respectively; the coefficients C i j are the quadratic Casimir invariants, being 4/3, 3/4, and Y 2 /4 for the fundamental representationsj in the groups i = SU(3), SU(2) and U(1), with Y = 2(Q−I 3 ) denoting the usual hypercharge; also the threshold function [28] f (x) = 1 + x
approaches unity for Λ ≪ M M . As evident from Eq. (26) scalar particles with identical Standard-Model charges squared have equal masses at the messenger scale M M . In the minimal version of GMSB, the A parameters are generated at 3-loop level and they are practically zero at M M . However, the program permits to set a value for A 0 different from zero but universal for all sfermions.
Anomaly Mediated Supersymmetry Breaking
In anomaly mediated supersymmetry breaking (AMSB) the SUSY breaking is transmitted from the hidden sector to the visible sector via the super-Weyl anomaly [15] . The soft SUSY breaking parameters are given by:
where β a and β Y i are the beta functions of gauge and Yukawa couplings, respectively. The γ j are the anomalous dimensions of the corresponding matter superfield and m 3/2 is the gravitino mass. Equation (30) leads to negative mass squared for the sleptons which is phenomenologically not acceptable. There are several possibilities to solve this problem [29] and the simplest one is to add a common scalar mass M 0 so that eq. (30) reads as
This extension has been implemented in the program.
String Effective Field Theories
Four-dimensional strings naturally give rise to a minimal set of fields for inducing supersymmetry breaking; they play the rôle of the fields in the hidden sectors: the dilaton S and the moduli T m chiral superfields which are generically present in large classes of 4-dimensional heterotic string theories. The vacuum expectation values of S and T m , generated by genuinely non-perturbative effects, determine the soft supersymmetry breaking parameters [30, 31] .
In the following we assume that all moduli fields get the same vacuum expectation values and that they couple in the same way to matter fields. Therefore, we omit the index m and take only one moduli field T . The properties of the supersymmetric theories are quite different for dilaton and moduli dominated scenarios as discussed in [30, 31] . The mass scale of the supersymmetry parameters is set by the gravitino mass m 3/2 .
In the program we implemented the complete 1-loop formulas given in [31] . Three classes of models are implemented in the program: two versions of OII compactification defined by the sets A and B of boundary conditions in [31] as well as an OI compactification scheme. For the implementation of the OI compactification scheme we have used formulas Eqs. (3.21) -(3.23) of [31] :
s = S is the vacuum expectation values of the dilaton field. t = T /m 3/2 is the vacuum expectation value of the moduli field(s), and G 2 (t) = 2ζ(t) + 1/2t is the non-holomorphic Eisenstein function with ζ denoting the Riemann zeta function. δ GS is the parameter of the Green-Schwarz counterterm. γ j are the anomalous dimensions of the matter fields, the γ i j and γ km j are their gauge and Yukawa parts, respectively. C i , C j i are the quadratic Casimir operators for the gauge group G i , respectively, in the adjoint representation and in the matter representation. The indices i, j, k denote H 1 , H 2 ,Ẽ,L,D,Ũ andQ. The A-parameters are finally given by:
where n denotes the generation.
In case of the OII compactification scheme the gaugino masses are given by Eqs. (3.11) of [31] :
For the sfermion parameters we have implemented two sets of boundary conditions: set (A) is specified by formulas Eqs. (3.15) and (3.19 ) of [31] :
Set (B) is specified by formulas Eqs. (3.16) and (3.20) of [31] :
In all three cases we have assumed that terms proportional to the log(μ i ) can be neglected (μ i denote the Pauli Villar masses).
General High Scale Model
It is clear from the examples above that up to now there is no unique mechanism for supersymmetry breaking. Therefore, we have implemented the possibility to specify rather freely a high scale model. This model is specified by: a set of three in principal non-universal gaugino mass parameters
; a scalar mass for each type of sfermion, resulting in fifteen parameters:
Here ii denotes that only the diagonal entries can be set, because in the current version the effects of generation mixing is not taken into account. A model of this kind has been used in [32] for the study of low energy observables and the supersymmetric spectrum. It also can be used, for example, to set the boundary conditions for the gaugino mediated supersymmetry breaking [33] . This general model will be denoted by SUGRA.
Decays of supersymmetric particles and Higgs bosons
The programs calculates the most important two-and three-body decays of supersymmetric particles at tree level. In case of three-body decays the formulas are implemented such, that the effects of decay widths in the propagators are taken into account [34] . Therefore, it is possible to perform the calculation even in case that some of the intermediate particles are on-shell. This is useful in the case that the two-body decays have small phase space, because then the calculation of the three-body decays gives a more accurate result, e.g. Γ(χ + 1 →
The following sfermion decays are calculated:
In case of the lighter stop, it is possible that all two-body decays modes are kinematically forbidden at tree-level. In this case the following decay modes are important [35, 36, 37] :
where l = e, µ, τ . The corresponding widths are calculated within SPheno using the formulas given in [36] . In case of GMSB models scenarios exist where the charged sleptons are next to lightest supersymmetric particles (NLSP) and the gravitinoG is the LSP. In this case the sleptons decay according to:l
Here we use the formulas given in [27] . It is well known that the partial widths of sfermions can receive considerable radiative corrections [38] . However, the branching ratios are not that strongly affected [39] . Therefore, for the moment being tree-level formulas are implemented. Some important numerical effects of higher order corrections are nevertheless implemented by using 1-loop corrected masses and running couplings in the formulas. The complete implementation of higher-order corrections is left for future versions of the program.
In case of charginos and neutralinos the following decay modes are calculated:
In case that all two body decay modes are kinematically forbidden the following three-body decays are calculated:
In the calculation we have included all contributions from gauge bosons, sfermions and Higgs bosons [34, 40] . The Higgs contributions can be important in certain regions of parameter space [41] . Similarly to case of the sleptons there exist parameter regions in GMSB models where the lightest neutralino is the NLSP and it decays according tõ
Here we use the formulas given in [27] .
In case of gluinos the following two-body decays are calculated:
with q = u, d, c, s, t, b. Again, in case that these decays are kinematically suppressed, the three-body decay modes are calculated:
Here we have implemented the formulas given in [42] .
In case of Higgs bosons the following decays are calculated:
It is well known, that the widths as well as the branching ratios of the Higgs bosons can receive large one-loop corrections [43, 44, 45] .
In the present version only the gluonic QCD corrections for the decays into quarks [43] have been implemented. Therefore, the numbers provided by SPheno have to be taken with care and for refined analysis other programs, such as HDECAY [46] should be used.
Production of supersymmetric particles and Higgs bosons
The program calculates the following cross sections:
We haven taken the formulas of [47] for sfermion production, [48, 34] for production of charginos and neutralinos and [45] for Higgs boson production. Initial state radiation has been included using the formula given in [49] . In case of squarks in addition QCD corrections due to gluon exchange are included [49, 50] . Care has to be taken in case one calculates the cross sections near threshold because then higher order corrections are important to get reliable results [51] and, thus, the numbers obtained in the program have to be taken with care near the threshold. All cross sections are implemented such, that one can specify the degree of longitudinal polarization P e − of the incoming electron beam as well as the degree of longitudinal polarization P e + of the incoming positron beam. Here P e − is within the range [−1, 1], where {−1, 0, 1} denote 100% left-handed electrons, completely unpolarized electrons and 100% right-handed electrons, respectively. The same notation is used in case of positrons. For example, P e − = −0.8 (P e + = −0.8) means that 80% of the electrons (positrons) are leftpolarized whereas the remaining 20% are unpolarized.
Low Energy Constraints
The supersymmetric parameters are constrained by direct searches at colliders and by loopeffects which supersymmetric particles induce observables of low energy experiments. Provided one neglects mixing between different sfermion generations the following quantities constrain several parameters of the MSSM: the rare decay b → s γ, the anomalous magnetic moment of the muon a µ and the supersymmetric contributions to the ρ parameter. These constraints are implemented in the program using the formulas given in [52, 53] for b → s γ supplemented by the QCD corrections as given in [54] , [55] for a µ and [56] for the sfermion contributions to the ρ parameter. In call cases we use the running couplings at m Z for the calculation of the observables. The use of running couplings together with the correct implementation of supersymmetric threshold corrections for the couplings results in taking into account the most important higher oder corrections as has been pointed out e.g. in [57, 58] for the case of b → s γ. The implementation of the supersymmetric threshold corrections to the couplings will be discussed in the next section.
Details of the Calculation
In this section we describe the algorithm used. It is schematically displayed in Fig. 1 . The following standard model parameters are used as input: fermion and gauge boson pole masses, the fine structure constant α, the Fermi constant G F and the strong coupling constant α s (m Z ). It is assumed that α(m Z ) and α s (m Z ) are given in the MS scheme. 
First rough calculation of SUSY and Higgs boson masses
In a first step, we calculate gauge and Yukawa couplings at m Z scale using tree-level formulas. These are used as input for the one-loop RGEs to get the gauge and Yukawa couplings at the high scale where also the boundary conditions for the high scale model under study are imposed. Afterwards one-loop RGEs are used to get a first set of parameters at the electroweak scale. These parameters are used to get a first set of supersymmetric particle masses and Higgs masses using tree-level formulas except for the neutral CP-even Higgs bosons where one-loop effects due to (s)quarks of the third generation are taken into account. These masses are the starting point for the iterative loop which calculates the spectrum within the required precision as described below.
Main loop for the calculation of SUSY and Higgs boson masses
In the next step the gauge couplings and sin 2 θ W are calculated at m 2 Z in the DR scheme using the formulas given Appendix C of [24] . For the calculation of the Yukawa couplings we use the complete formulas for the fermion masses and the vacuum expectation values given in Appendix D of [24] . In case of third generation Yukawa couplings we use the following improvements. In case of the bottom quark we use 3-loop relationship between the pole mass and the MS mass m b,M S (m b ) as given in [59] . The three-loop RGEs [60] are solved numerically to obtain m b,M S (m Z ). Afterwards the shift from the MS scheme to the DR scheme arising from massless gauge bosons is calculated using the formula [61, 62] :
where α s is given in the DR scheme which is the reason for the different factor in front of α 2 s compared to [62] . We use the complete formulas given in Appendix D of [24] to calculate the SUSY contribution denoted by ∆m b,SU SY (m Z ). For the calculation we use running gauge and Yukawa couplings at m Z . The SUSY contributions ∆m b,SU SY (m Z ) are then resummed using [63] 
The analogue resumation is done in case of the tau Yukawa coupling. In case of the top quark we take the complete formulas given in Appendix D of [24] . We also add the 2-loop contribution due to gluons in the DR scheme [61] which reads as:
where m t is the on-shell top mass and L = ln(m 2 t /Q 2 ). The obtained gauge and Yukawa couplings are evolved to the high scale using two-loop RGEs [23] . The high scale can either be fixed or can be calculated from the requirement g 1 = g 2 at the high scale. The various cases are discussed in Sect. The parameters are used as input to calculate the sparticle pole masses at one-loop order and in case of the neutral Higgs at two-loop order. Here we use the complete formulae given in the appendices of [24] for the one-loop contributions and for the 2-loop corrections O(α s α t + α 2 t + α s α b ) for the neutral Higgs boson the formulas given in [25, 26] . For the O(α s α b ) contributions we use the complete expressions which can be obtained from the O(α s α t ) contributions by appropriate replacements. In case of sfermions we have included in all cases left-right mixing. All gauge and Yukawa couplings are understood as DR quantities at M EW SB . Also tan β and the vacuum expectation values are evaluated at M EW SB to get a consistent set of input parameters. Note, that we express in all couplings the fermion masses and gauge boson masses by their corresponding expressions due to gauge couplings, Yukawa couplings and vacuum expectations values in the formulas of [24] . In all cases running masses are used as input for the loop integrals. In addition we have implemented the O(α s α t + α 2 t + α s α b ) corrections for the calculation of |µ| [26] . The numerical evolution of the one-loop integrals is based on the FF package [64] and the LoopTools package [65] .
The masses obtained are used as input for the next iteration which starts again by calculating the SUSY contributions to gauge and Yukawa couplings at m Z . In the case that during this iterative process an unphysical situation occurs, e.g. a pole mass squared being negative, the program terminates and it provides information on the exact reason for termination. The iteration is continued until all relative differences between the sparticle masses are smaller then the user imposed quantity δ:
for all sparticle masses; i denotes the i-th iteration. In most cases this achieved after three to four iterations. In the case that more than the maximal allowed number of iterations (user specified) are necessary, the program leaves the iteration giving a warning message.
Calculation of the other observables
The masses and mixing angles are then used to calculate the branching ratios and decay widths. Here two-and three body decays of supersymmetric particles are calculate. Note that we use the couplings as input which are renormalized at the scale M EW SB . The user has the possibility to force the program to calculate three body decays even if one or more of the intermediate particles are on-shell. This possibility is useful in the case where the 2-body decay has only small phase because then the calculation of the three body decay width(s) give a more reliable result. Afterwards the production cross sections at an e + e − collider of all supersymmetric particles as well as all Higgs bosons are calculated. Here the user has the possibility to specify the centre of mass energy as well as the degree of longitudinal polarization of the incoming beams. Moreover, the user can specify if initial state radiation shall be included in the calculation or not.
Finally, the low-energy constraints described in Section 5 are calculated: BR(b → sγ), SUSY contributions to a µ and the sfermion contributions to ∆ρ. For the the calculation of these quantities we evolve the gauge and Yukawa couplings from the scale M EW SB down to m Z . The couplings at m Z are then used as input for the calculation of the low energy observables. For example in calculation of BR(b → sγ) the most important contributions to the C 7 coefficients are implemented as
Here Y i are the Yukawa couplings, U and V are the chargino matrices, K is the CKM matrix, Rt is the stop mixing matrix and x ab = m 2 a /m 2 b . The loop functions F i are given in [52] . A similar replacement is done in the contributions to the C 8 coefficient. Moreover, in the program also the contributions from the first two generation of (s)fermions to C 7,8 are included for completeness. We then use [54] to obtain 
A sample example
In this section we discuss the executable statements of the main program given in the file SPheno.f90. In the first statements the required modules are loaded and the various variables are defined. Afterwards a series of initialization routines are called:
Call InitializeControl(11,"SPheno.out","SPheno") Call InitializeLoopFunctions Call InitializeStandardModel
The routine InitialzeControl opens the file Messages.out at channel 10 where all warnings and/or debugging informations are stored. In addition it reads the file Control.in if present. For the description of Control.in see Appendix B.1. Moreover, it opens the output file SPheno.out at channel 11. The last entry "SPheno" is the name of the calling program and is used for the initialization of the debugging system. The routine InitializeLoopFunctions initializes the routines for the calculation of the loop functions which are needed to calculated the loop corrected masses. The routine InitializeStandardModel reads data from the file StandardModel.in. In case that this file is not present, default values are used as described in Appendix B.4. Afterwards the routine HighScaleInput is called: Table 1 : Variables for parameters and couplings. The parameters are explained in Section 2. dp means double precision. parameter/coupling type & Fortran name e ϕµ complex(dp) :: phase_mu tan β real(dp) :: tanb
complex(dp), dimension(3,3) :: A_l, A_d, A_u µ complex(dp) :: mu Bµ complex(dp) :: B M 2 H real(dp) :: M2_H(2) g ′ , g real(dp) :
real(dp) :: vevSM(2) g ′ , g, g s real(dp) :: gauge(3)
Call HighScaleInput
The source code for this routine is given in the file SPheno.f90. This routine reads in the data from the file HighScale.in which specifies the model used as well as the high scale boundary conditions. A short description of the implemented models is given in Sect. The meaning of the various variables and their type is given in Table 1 except for mP02, mP0 which are given in Table 2 . The parameters obtained are used to get the initial values for the spectrum at tree-level:
Call TreeMasses(gp, g, vevSM, Mi(1), Mi (2) The variables for the masses and mixing matrices are given in Table 2 . Variable names ending with "2" indicate masses squared. The variables for the mixing matrices are already structured for a latter extension to include the effects of generation mixing and/or complex phases: the sfermion mixing matrices are 6×6 (except for sneutrions which is a 3×3 matrix). In the present release most of the entries are zero except for the diagonal 2 × 2 blocks which contain the left-right mixing for every species of sfermions. For example, the 11, 12, 21 and 22 entries in Rslepton specify the left-right mixing of selectrons, and similarly the 33, 34, Table 2 : Variables for masses and mixing matrices as given by the routine Sugra. Their connection to the parameters at tree-level is explained explained in Section 2. dp means double precision. masses / mixing matrix type & Fortran name mg real(dp) :: mglu e ϕg complex(dp) :: PhaseGlu mχ+ i real(dp) :: mC(2) U, V complex(dp) :: U(2,2), V(2,2) mχ0 j real(dp) :: N(4) N complex(dp) :: N(4,4) m h 0 , m H 0 real(dp) :: mS0(2) R α real(dp) :: RS0(2,2) m G 0 , m A 0 real(dp) :: mP0(2) R β real(dp) :: RP0(2,2) m G + , m H + real(dp) :: mSpm(2) R ′ β complex(dp) :: RSpm(2,2) mν real(dp) :: mSneut(3) Rν complex(dp) :: Rsneut(3,3) ml real(dp) :: mSlepton(6) Rl complex(dp) :: Rslepton(6,6) mũ real(dp) :: mSup(6) Rũ complex(dp) :: Rsup(6,6) md real(dp) :: mSdown ( These initial values serve as input for the more accurate calculation of the parameters including higher oder corrections. Before calling the subroutine Sugra, which performs these calculations, the user has the possibility to fix the high scale and/or the scale where the parameters and the loop corrected masses are calculated. For this purpose one or both of the following lines must be uncommented in the program: ! Call SetGUTScale(2.e16_dp) ! please put the GUT scale ! Call SetRGEScale(1.e3_dp**2) ! please put the scale M_EWSB squared
The default is that these scales are calculated by the program. The high scale is computed from the requirement g 1 = g 2 (except in GMSB where the high scale is an input). The scale M EW SB is given by M EW SB = √ mt 1 mt 2 .
The accurate calculation of the SUSY parameters and the spectrum is done by the following call: The meaning of the various variables and their type is given in Tables 1 and 2. Note that the quantities uL_L, uL_R, uD_L, uD_R, uU_L, uU_R are 3 × 3 unit matrices in the present implementation. Also all SUSY parameters, Yukawa couplings and the sfermion masses are flavour diagonal. However, we have constructed the interface already in such a way that an extension to include mixing effects between the generations is facilitated. Compared to the previous calls of routines the following new variable appear:
• delta : specifies the required relative precision on the masses. If the maximal relative differences between the physical masses obtained between two runs is smaller than delta, the routine Sugra leaves the iteration loop.
• m_GUT : the value of the scale where the high energy boundary conditions are imposed.
• kont : A variable which is 0 provided everything is o.k. Otherwise either a numerical problem has occurred and/or the parameters belong to an unphysical region, e.g. a minimum of the potential where charge and/or colour breaking minima occur. In such a case the information is written to the file Messages.out.
• WriteOut : If it is set .True. then intermediate debugging information is written to the screen and the file Messages.out.
• n_run specifies the maximal number of iterations of the main loop. A warning will be given in the case that the required precision delta has not been reached within n_run iterations.
Note that the parameters are running parameters at the scale M EW SB . The complete spectrum is calculated at 1-loop level using the formulas given in [24] . The exceptions are the masses of the neutral Higgs bosons (scalar and pseudo-scalar), where in addition the 2-loop corrections O(α s α t + α 2 t + α s α b ) are included [25, 26] , and the µ parameter where also the O(α s α t + α 2 t + α s α b ) corrections [26] are included. In the next part the branching ratios, the partial decay widths and the total decay widths are calculated provided that L_BR=.TRUE. and kont.eq.0:
If ((L_BR).and.(kont.eq.0)) then epsI = 1.e-5_dp deltaM = 1.e-3_dp CalcTBD = .False. ratioWoM = 1.e-4_dp If (HighScaleModel.Eq."GMSB") Is_GMSB = .True. Call CalculateBR(gauge, mGlu, PhaseGlu, mC, U, V, mN, N end if Variables starting with gP_, gT_ and BR_ indicate partial widths, total widths and branching ratios, respectively; they are Real(dp) vectors. The first index is the index of the decaying particle whereas the second one gives the mode. The correspondence between the second index and the modes is summarized for sfermions (variables ending Sl, Sn, Sd and Su for sleptons, sneutrino, d-squarks and u-squarks, respectively) in Table 3 , for charginos in Table 4 , for neutralinos in Table 5 , for gluinos in Table 6 and for the Higgs bosons in Tables 7 and 8 .
Here the following variables are new:
• epsI : gives the accuracy to which the phase space integrals in three body decays are calculated.
• deltaM : this variable affects the calculation of the phase space integrals in three body decays. In case that m i /(m − i m i ) < deltaM than m i is set to zero in the calculation of the phase space integrals. m denotes here mass of the decaying particle and m i (i=1,2,3) are the masses of the decay products.
• CalcTBD : if this variable is set .TRUE. then in all chargino-, neutralino-and gluino decays the three body modes will be calculated. This option has to be taken with care, because it can slow down the program considerably. Table 5 : Correspondence between the second indices for neutralino partial widths (branching ratios) and the decay modes. In case of two body decays the variables are gP C2 ( BR C2) and in case of three body decays gP C3 (BR C3). mode index of gP C2 ( BR C2) index of gP C3 (BR C3) Table 6 : Correspondence between the indices for gluino partial widths (branching ratios) and the decay modes. In case of two body decays the variables are gP G2 ( BR G2) and in case of three body decays gP G3 (BR G3). mode index of gP C2 ( BR C2) index of gP C3 (BR C3) g →d m,k d m 1-6 g →ũ m,kūm 7-12 g →χ 0 j u mūm 1-12 g →χ 0 j d mdm 13-24 g →χ + i d mūm 25-30 g →t i W −b 31-32 g →t 1c 33 Table 7 : Correspondence between the indices for the partial widths (branching ratios) of the neutral Higgs bosons and the decay modes. The variables are gP S0 ( BR S0) and gP S0 ( BR S0) for the partial decay widths (branching ratios) of the CP-even Higgs bosons (h 0 , H 0 ) and CP-odd Higgs boson (A 0 ). In case of gP S0 ( BR S0) the first (second) index denotes decay modes of h 0 (H 0 ). Here φ stands for h 0 , H 0 and A 0 . The index runs from 1 to 3. • ratioWoM : this variable is used to decide whether two body decays or three body decay modes are calculated in case of charginos, neutralino and gluino. The program tries first two-body decay modes. In the case that the ratio of the width Γ over the mass m of the decaying particle is small: Γ/m < ratioWoM, then three body decay modes are calculated.
• Fgmsb and m32 : the F parameter and the gravitino mass in the GMSB model. These parameters are calculated from the input and are set to huge numbers in all other models. They are needed for the calculation of the decay width(s) of the NLSP into a gravitino.
The next statements call the routine for the calculation of the cross sections provided L_CS = .TRUE. and kont = 0:
If ((L_CS).and.(kont.eq.0)) then Call InitializeCrossSections ( Here the following additional input is needed:
• Ecms : the centre of mass energy of the collider • Pm, Pp : degree of polarization of the incoming electron and positron, respectively
• ISR : logical variable, if .TRUE. then initial state radiation is taken into account using the formulas given in [49] These variables can be set in the file CrossSections.in. The cross sections are stored in the variables starting with Sig which are summarized in Table 9 . Please note, that in case of sfermions the structure of the variables is already put such that the case of generation mixing can easily be implemented. In the non-mixing case the cross sections are stored in the 2 × 2 diagonal blocks and they are sorted according to the generations as in the case of the sfermion mixing matrices. Finally the low energy constraints b → sγ, a µ and ∆ρ are calculated provided that calculation of the spectrum had been performed successfully (kont.eq.0): Table 9 : Correspondence between the production cross sections and the variables used in the program.
process Fortran name and type e + e − →ũ iũj real(dp) :: SigSup(6,6) e + e − →d idj real(dp) :: SigSdown(6,6) e + e − →l ilj real(dp) :: SigSle(6,6) e + e − →ν iνj real(dp) :: SigSn(6,6) e + e − →χ 0 kχ 0 n real(dp) :: SigChi0(4,4) e + e − →χ + rχ − s real(dp) :: SigN(4,4) e + e − → h 0 Z, H 0 Z real(dp) :: SigS0(2) e + e − → h 0 A 0 , H 0 A 0 real(dp) :: SigSP(2) e + e − → H + H − real(dp) :: SigHp
Here BRbtosgamma, a_mu, and Delta_Rho denote 10 4 × BR(b → sγ), the SUSY contributions to a µ and the sfermion contributions to ∆ρ, respectively. Afterwards the statement Call WriteOutPut0(11, 1.e-6_dp, 1.e-3_dp)
is used to write all information to the file connected with unit 11 (first entry). The second entry puts a lower bound on the branching ratios to be written. In the case above, branching ratios smaller than 10 −6 will not be given. The third entry gives the minimum value for the cross section in f b which will be written to the output file. In the example given above cross sections smaller than 10 −3 will not be written to the output file.
The last statement closes all open files.
call closing() ! closes the files 8 Conclusions
We have described SPheno, a program calculating the spectrum, branching ratios and cross sections of supersymmetric particle in e + e − annihilation within the MSSM. The user can choose between the following high scale models: minimal supergravity, minimal supergravity including right handed neutrinos, gauge mediated supersymmetry breaking, anomaly mediated supersymmetry breaking, and string effective field theories based on OI and OII compactification. The calculation of the spectrum are done using two-loop renormalization group equations and the complete one-loop formulas for the SUSY masses. In case of the neutral Higgs bosons and the µ parameter leading two-loop effects are included. The masses and mixing angles are used to calculate the most important two body and three body decay modes. They are also used for the calculation of the SUSY production cross sections in e + e − annihilation. Here the effects of initial state radiation and longitudinal beam polarization is included. Finally the following low energy quantities are calculated: BR(b → sγ), the supersymmetric contributions to the anomalous magnetic moment of the muon a µ and the sfermion contributions to the ρ parameter. The program is set up in such a way that extensions can easily be included. The plans for upcoming versions are to include complex phases for the supersymmetric parameters, to include generation mixing, to include QCD and Yukawa corrections for various processes such as Sfermion and Higgs production and decays. In addition beam strahlung for various collider designs will be implemented.
B Input files
In this section the input files are described. Among these files only the file HighScale.in has to be provided by the user. The other files Control.in, CrossSections.in and StandardModel.in can be used to change the default values which are given below in Appendices B.1, B.2 
B.3 HighScale.in
In this section we describe the input file for the high scale boundary conditions. The package contains several files starting with Highscale.in and ending in the models described below. One has to rename the model file to the name Highscale.in to use it as input for SPheno. Note that in all examples below the value of A 0 given below will be multiplied by the Yukawas coupling at the high scale and that this product enters the RGEs. For most of the examples below we have used the so-called SPS points defined in [67] . In Appendix C we display the output for the point SPS1a.
B.3.4 AMSB
The implemented AMSB scenario is characterized by the gravitino mass m 3/2 , a common scalar mass M 0 , tan β and the sign of µ. This scenario is characterized by the gravitino mass m 3/2 , the common vev < t > of the moduli fields, the string coupling squared g 2 s , the sine squared of the mixing angle between the dilaton fields and moduli fields sin 2 θ, the parameter δ GS of the Green-Schwarz counter-term, the modular weights n i characterizing the couplings between moduli fields and matter fields, which are assumed to be generation independent in the current implementation. Moreover, one needs to specify tan β and the sign of µ. This scenario is characterized by the gravitino mass m 3/2 , the common vev of the moduli fields < t >, the string coupling squared g 2 s , the sine squared of the mixing angle between the dilaton fields and moduli fields sin 2 θ, the parameter of the Green-Schwarz counterterm δ GS . Moreover, one needs to specify tan β and the sign of µ. There are two different scenarios implemented denoted as String_OIIa and String_OIIb corresponding to boundary conditions (A) and (B) of [31] All masses are given in GeV and Br denotes "branching ratio" in the list above.
C Sample output
Here we give the content of the file SPheno.out provided one uses the content of HighScale.in for the mSUGRA scenario described in Appendix B. 
